The discovery of a novel RNA-dependent RNA polymerase activity with a eukaryote-wide distribution raises new questions about the roles and mechanisms of gene silencing by small RNAs.
The phenomenon of the silencing of transgenes together with homologous genes in the host genome was first discovered some two decades ago in plants [1] [2] [3] . This silencing was eventually found to involve either posttranscriptional destruction of the transgene mRNAs [2, 3] or prevention of their transcription [1] . The biological rationale for these processes was proposed to be a defense against viruses and transposable elements. Doublestranded RNA (dsRNA) is a target of the silencing mechanism and many viruses produce such RNA as part of their life cycle. Similarly, transposable elements produce aberrant RNAs that enter the silencing pathway and this prevents transposition. This host defense concept has since been supported by a wide variety of evidence. The inde pendent discovery in Caenorhabditis elegans that introduced 'sense' RNAs could cause gene silencing led to the development of the technique of RNA interference (RNAi) [4] . The finding that the active ingredient in triggering RNAi was a dsRNA ignited a revolution in genetics that continues to this day [5] .
An interesting aspect of post-transcriptional silencing in plants and worms is that silencing can spread throughout the organism from the site of introduction of the dsRNA. This spread depends on the activity of an RNA-dependent RNA polymerase (RdRP), which amplifies dsRNA to produce more copies, which are then cleaved by the enzyme Dicer to produce small interfering RNAs (siRNAs) [6] that target mRNAs of similar sequence for destruction. The genomes of Drosophila and mammals show no evidence of such an RdRP, and the spread of RNAi from one tissue to another is indeed limited in these animals. Nevertheless, other aspects of post-transcriptional silencing suggested that some type of RdRP activity might be critical in flies and humans as well. For example, aberrant single-stranded RNAs (ssRNAs) are also subject to silencing and so presumably must be converted to a doublestranded form [7, 8] . Indeed, an RdRP activity was reported in extracts of Drosophila some years ago [9] , but the conventional wisdom based on the genomic data held that such an activity did not exist in flies and mammals.
In a recent report, Lipardi and Paterson [10] now define a gene in Drosophila whose product has a newly recognized RNA-dependent RNA polymerase activity, which provides a potential solution to the outstanding issues in posttranscriptional silencing noted above. Moreover, the authors show that this gene product is a multifunctional protein, which in one of its roles is a member of the transcriptional RNA polymerase II elongator complex, and that, unlike the canonical RdRP, it is present in all eukaryotes examined so far. Its ubiquity raises many interesting questions about other possible roles for silencing by small RNAs other than as a defense against viruses and transposons.
Elp1 is a novel RNA-dependent RNA polymerase
Lipardi and Paterson [10] sought to purify the previously reported RdRP activity [9] from Drosophila embryo extracts. They then tested the candidate proteins identified from a partial purification to determine whether they could inhibit RNAi of green fluorescent protein (GFP) in cultured Drosophila cells engineered for that purpose. They found that knockdown of the Drosophila homolog of the RNA polymerase II core elongator complex subunit Elp1 in the cultured cells inhibited RNAi. Knockdown of other members of the elongator complex had no effect on GFP silencing, and ectopically expressed Elp1 protein was clearly visualized in the cytoplasm. The authors produced recombinant Elp1 protein and showed that it could generate dsRNA using ssRNA as a template in both primerindependent and primer-dependent reactions in vitro. They then coexpressed different combinations of Elp1, Argonaute-2 (which binds siRNAs), Dicer-2 (which cleaves dsRNA to siRNAs) and Dicer-1 (which cleaves microRNA precursors to the mature form) in cultured Drosophila cells, and looked for protein-protein interactions. The strongest interaction was between Elp1 and Dicer-2, which demonstrates a connection to RNAi given the central role of Dicer-2 in producing siRNAs. The levels of certain microRNAs were assayed in Elp1-depleted cells and found not to be affected, indicating a specificity of Elp1 for the RNAi pathway.
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The elucidation of an RdRP activity that can act without a primer helps to clarify findings that 'aberrant' ssRNAs can be degraded by the silencing process [7, 8, 11] . This posttranscriptional silencing in the absence of an antisense copy or a foldback structure that could produce a dsRNA to serve as a substrate for Dicer had previously posed a conun drum. The discovery of Elp1 RdRP activity provides a possible solution, given that it could potentially convert the aberrant ssRNAs to a double-stranded structure without an antisense primer, but such a scenario needs to be tested experimentally.
Questions for the future
Small RNAs are also involved in transcriptional silencing [7, 11, 12] , and there is increasing evidence that interaction of RNA polymerase II (PolII) with the small RNA machinery is intimately involved in this silencing. The first indication came from fission yeast (Schizosaccharomyces pombe) in which mutation in the largest and the second largest of the polymerase subunits impaired transcriptional silencing [13, 14] . In plants, novel RNA polymerases [15] have been found that are dedicated to small-RNA-based transcriptional silencing. The finding of Lipardi and Paterson [10] of a protein with RdRP activity associated with the PolII core elongator complex raises the question of whether this protein is involved in transcriptional silencing. It may indeed play no such role in the polymerase complex, given that it has a cytoplasmic localization when involved in post-transcriptional silencing. However, the evidence of a role for PolII in silencing suggests that investigating the possibility would be an important future direction for work on gene silencing.
Somewhat ironically, the Elp1 protein has a much broader phylogenetic distribution among eukaryotes than the so-called 'canonical' RdRP [10] . So another important ques tion raised by these findings is whether the Elp1 RdRP activity is present in all eukaryotes, including those with the canonical RdRP, and what is the relationship of the two activities in gene-silencing mechanisms? The fact that mutations in the canonical gene produce a recognizable effect on silencing is a classic genetic argument that the two functions will not be completely redundant. Nevertheless, this deserves more investigation.
In addition to the siRNA products of Dicer, Drosophila and mammals produce other short RNAs called piRNAs that associate with the PIWI family of Argonaute proteins [16] [17] [18] . piRNAs are found in abundance in germline cells but have also been reported in somatic tissues. One proposed role of these small RNAs is as a defense against transposable elements. The terminal structure of piRNAs is not like that produced by Dicer [19] and so they are likely to be produced by a Dicer-independent mechanism. Different members of the PIWI protein family show a preference for binding to either the sense or antisense versions of retrotransposon piRNAs [17, 18] . The complemen tary sequence arrangements of piRNAs had suggested that the sense and antisense versions serve as guides for different Argonaute proteins to cleave them to their characteristic 25-bp length. The presumed absence of an RdRP activity in flies and mammals figured in the development of this idea because there was no known mechanism by which dsRNA intermediates could be generated. With the revelation that such an activity exists, an interesting direction of investigation would be to test whether production of piRNAs does in fact involve a dsRNA intermediate. Indeed, given that piRNAs are implicated in transcriptional silencing [20, 21] , interconnections among PolII, Elp1 and the PIWI family of Argonaute proteins in silencing processes would be worth exploring.
Finally, the finding of a protein with RdRP activity that associates with PolII and is found in all eukaryotes might suggest an expansion of the raison d'être for small RNAmediated silencing mechanisms. It might well be that small RNAs have functions in RNA proofreading and quality control that act to silence the transcription of DNA sequences encoding unwanted or aberrant RNAs. This mechanism would silence transposable elements as just one aspect of its broader role in gene expression. Nevertheless, the antiviral functions of small RNAs act post-transcriptionally and the relationship of these to transcriptional silencing is still in need of clarification. These potential interconnections raise new questions for the ever-enlarging field of small RNAs.
